Cytosolic aldehyde dehydrogenase (ALDH), an enzyme responsible for oxidizing intracellular aldehydes, has an important role in ethanol, vitamin A, and cyclophosphamide metabolism. High expression of this enzyme in primitive stem cells from multiple tissues, including bone marrow and intestine, appears to be an important mechanism by which these cells are resistant to cyclophosphamide. However, although hematopoietic stem cells (HSC) express high levels of cytosolic ALDH. isolating viable HSC by their ALDH expression has not been possible because ALDH is an intracellular protein. We found that a fluorescent aldehyde, dansyl aminoacetaldehyde (DAAA), could be used in flow cytometry experiments to isolate viable mouse and human cells based on their ALDH content. The level of dansyl fluores-HE ALDEHYDE dehydrogenases (ALDHs) are intracellular enzymes responsible for oxidizing aldehydes. Substrates for these enzymes include acetaldehyde, an intermediate in ethanol metabolism, and biogenic amines produced during catecholamine catabolism. ' Furthermore, ALDH appears to play a crucial role in the conversion of vitamin A to its active metabolite, retinoic acid.*,' Cellular resistance to cyclophosphamide has also been shown to result from high levels of ALDH.'34 Of the four ALDH isozymes identified,3 liver cytosolic ALDH appears to be the specific isozyme involved in vitamin A and cyclophosphamide resistance.' Both hematopoietic progenitors' and intestinal crypt stem cells' display high levels of cytosolic ALDH and are accordingly relatively resistant to cyclophosphamide. Tumor cell resistance to cyclophosphamide may also result from high cytosolic ALDH levels.'."
cence exhibited by cells after incubation with DAAA paralleled cytosolic ALDH levels determined by Western blotting and the sensitivity of the cells to cyclophosphamide. Moreover, DAAA appeared to be a more sensitive means of assessing cytosolic ALDH levels than Western blotting. Bone marrow progenitors treated with DAAA proliferated normally. Furthermore, marrow cells expressing high levels of dansyl fluorescence after incubation with DAAA were enriched for hematopoietic progenitors. The ability to isolate viable cells that express high levels of cytosolic ALDH could be an important component of methodology for identifying and purifying HSC and for studying cyclophosphamide-resistant tumor cell populations. a very small fraction of the CD34' cells. As HSC express higher levels of cytosolic ALDH than less primitive hematopoietic progenitors,"' CD34 cells that express high levels of cytosolic ALDH should be enriched for HSC. Second, in view of the observation that high levels of cytosolic ALDH produce cyclophosphamide-resistance in tumor cell lines,' isolating viable tumor cells by their cytosolic ALDH levels could have important implications for studying cyclophosphamide resistance. We have developed an indirect method for assessing cellular cytosolic ALDH activity using a fluorescent aldehyde that enables the isolation of viable cells based on differences in cytosolic ALDH activity.
MATERIALS AND METHODS
Cell lines and bone morrow crlls. The murine lymphoid leukemia cell lines L1210 and L1210/CPA (a clone selected for cyclophosphamide-resistance)' and the human leukemia cell lines K562 (myeloid), HL60 (myeloid), REH (early B-lineage), and Raji (Blineage), were grown in RPM1 1640 supplemented with 15% fetal bovine serum (FBS) and mol/L 2-mercaptoethanol(2-ME). The cell lines were maintained in log phase of growth in a S% CO2 atmosphere at 37°C. Bone marrow cells were obtained from normal volunteers by posterior iliac crest aspiration after infornled consent approved by the Joint Committee on Clinical Investigation of the Johns Hopkins Medical Institutions (Baltimore, MD). Bone marrow mononuclear cells (density 5 1.077) were recovered by Ficoll-Hypaque density centrifugation. Mouse hone marrow cells were obtained from female B6D2F, mice killed by cervical dislocation. Bone marrow was flushed from the medullary cavities of the femurs and tibias, and single-cell suspensions were made by continued passage through a 25-gauge needle.
Colony ossays. In vitro bone marrow progenitor assays were performed as previously described.'"' Briefly, granulocyte-macrophage colony-forming units (CFU-GM) were assayed by culturing l-mL suspensions o f 2 X IO4 to 10 X IO4 cells, I .2% methylcellulose. 30% FBS, 1 % bovine serum albumin, IO-' mollL 2-ME, and alpha medium in 35-mm petri dishes. Phytohemagglutinin-stimulated lymphocyte-conditioned medium (10%) or WEHI-3B supernatant (10%) was added as a source of colony-stimulatory activity to the human and mouse cells, respectively. Quadruplicate cultures were incubated for 7 (mouse) or 14 (human) days in a humidified atmosphere containing 5% CO2 at 37°C. and colonies of 40 or more cells were scored using an inverted microscope. Clonogenic leukemia cells were cultured at 2 X lo2 to I X 10" cells per milliliter using the same conditions (without the addition of colony-stimulating activity) The drug incubations were arrested by the addition of chilled medium, and the cells were washed twice. 4HC was dissolved and diluted in alpha medium immediately before each experiment. Spleen colony-forming units (CFU-S) were assayed as previously described','" by injecting marrow cells into the tail veins of mice treated with 1,100 cGy of total body irradiation from a dual "' CS source at a dose rate of 1 10 cGy/min. Mice were killed at day 8, and all macroscopic colonies were counted after fixing the cells in Carnoy's solution.
Western blotting for cytosolic ALDH expression. Cells were washed once in serum-free medium to remove serum proteins and solubilized by sonication in 6 mol/L guanidine hydrochloride containing 250 mmoVL Tris-HC1 (pH 8.5 at 21"C), 10 mmoyL EDTA, 1% 2-ME, and 1 mmol/L phenylmethylsulfonyl fluoride (freshly added from a lOO-mol/L stock in anhydrous isopropanol). Samples were reacted with 150 mmol/L iodoacetamide to block free sulfhydryl groups and dialyzed into 0.1% sodium dodecyl sulfate (SDS) as previously described." After an aliquot was removed for protein determination by the bicinchoninic acid method," the remainder of each sample was lyophilized and resolubilized by heating to 65°C for 20 minutes in 4 moVL deionized urea, 2% SDS, 62.5 mmol/L Tris-HCl (pH 6.8 at 21"C), and 1 m o V L EDTA. Samples containing 7.5, 15, or 30 pg of total cellular protein were applied to adjacent wells of an SDS-polyacrylamide gel and subjected to electrophoresis followed by staining with Coomassie brilliant blue or electrophoretic transfer to nitrocellulose as previously des~ribed.".'~ Samples containing 3.75,7.5, or 15 pg of human liver cytosol (105,OOOg supernatant) were applied to each blot as positive controls. Blots were incubated with rabbit antihuman cytosolic ALDH (anti-ALDH1)' followed by ['*'r]-labeled antirabbit IgG using protocols recently described in detail.'7.'x After autoradiography, blots were reprobed with murine monoclonal anti-histone H1 (provided by Dr James Sorace, Veterans Administration Hospital, Baltimore, M D ) followed by ['2'I]-labeled antimouse IgM.
Synthesis of N-dansyl aminoacetaldehyde (DAAA). DAAA diethyl acetal was synthesized by adding triethylamine (28 pL, 0.2 mmol) and then aminoacetaldehyde diethyl acetal (29 pL, 0.2 mmol; Sigma Chemical CO, St. Louis, MO) via syringe to a solution of dansyl chloride (54 mg, 0.2 mmol) in acetone (1 mL) and under nitrogen. After stimng overnight, the reaction mixture was dissolved in water (2 mL), and the solution pH was adjusted (1 moln NaOH) to 6 to 8 (pH paper). The solution was then extracted with ethyl acetate (3 X 5 mL), and the organic layers were stirred (10 minutes) with MgSO, and decolorizing carbon. The dried, decolorized extracts were concentrated on a rotary evaporator, and the resultant oil was chromatographed on silica gel (J.T. Baker Chemicals, Danvers, MA; 60 to 200 mesh, 7 mm X 6 cm column, ethyl acetate eluant). The product was obtained as an oil [53 mg, 0.14 m o l , 70% yield, Rf 0.86 (ethyl acetate)] that was crystallized from etherhexane to afford a pale green, microcrystalline solid (melting point, 64.5" to 66.5"C). In some repeat procedures, the product was somewhat resistant to crystallization (greater concentrations of impurities still present); however, further purification on silica gel [etherhexane ( I : l), & given sample on the flow cytometer. To confirm that cellular dansyl fluorescence was the result of the activity of cytosolic ALDH, L12101 CPA cells were incubated with 50 pmol/L 4-(diethylamino) benzaldehyde (DEAB) for IS minutes at 37°C before the DAAA incubations to inhibit cytosolic ALDH activity. DEAB is a specific, competitive inhibitor of cytosolic ALDH that is nontoxic to cells in vitro and in vivo."' LI2I01CPA cells were also incubated with SO pm011 L dansyl glycine alone (Sigma) at IOh cells per milliliter for 30 minutes at 37°C.
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RESULTS
Cytosolic ALDH expression in the leukemia cell lines was determined by Western blotting using previously characterized, affinity-purified polyclonal antibodies to human cytosolic ALDH The antibodies strongly recognized a polypeptide in human liver cytosol that had the same mobility (approximately 54 kD) as purified cytosolic ALDH (Fig IB,  lanes 1 through 3) . When human leukemia cell lines were examined, reactivity with the antibodies was readily detected in the K562 cells (Fig IB, lanes 5 through 7) . In contrast, a signal for cytosolic ALDH was not observed in the HL-60, Raji, or REH cell lines even after prolonged exposure of the blots. We also found that the human anticytosolic ALDH antibodies crossreacted with murine cytosolic ALDH. As previously described,',' LI 2 IO cells exhibited no detectable cytosolic ALDH, while the L1210KPA cells (selected for cyclophosphamide resistance) expressed high levels of the enzyme (Fig IB, lanes 17 through 22) .
To examine cytosolic ALDH on a single-cell basis, leukemia cell lines and bone marrow cells were incubated with the fluorescent substrate DAAA, washed, and subjected to flow cytometry. The histogram analyses of four human leukemia cell lines treated with DAAA are shown in Fig 2A. This assay is based on the diffusion of hydrophobic DAAA into cells, where subsequent oxidation by ALDH generates dansyl glycine (Fig 3) . Dansyl glycine contains a carboxylate group that is charged at physiologic pH and, therefore, cannot cross plasma membranes; L1 210/CPA cells incubated with dansyl glycine exhibited no detectable fluorescence ( Fig  2B) . However, L1210/CPA cells expressed high levels of dansyl fluorescence after incubation with DAAA; K562 cells exhibited the next highest activity (Fig 2B) . Pretreatment of the L1210/CPA cells with DEAB, a specific inhibitor of cytosolic ALDH,'" decreased the dansyl fluorescence ( Fig  2B) . CD34' progenitors also expressed relatively high levels of cytosolic ALDH by DAAA, while lymphocytes of both B (CD19') and T lineage (CD5') expressed low levels (Fig  4) . The levels of cytosolic ALDH activity in leukemic cell lines and normal bone marrow cell populations determined by DAAA mirrored the results obtained using cytosolic ALDH antibodies and flow cytometry.' These results indicate that cytosolic ALDH is the enzyme responsible for DAAA oxidation.
DAAA treatment did not appear to harm cells; human bone marrow cells, treated with DAAA and processed by flow cytometry (but not sorted), maintained normal progenitor growth (Table l) . Human and mouse marrow cells were sorted based on their fluorescence intensity after incubation with DAAA, and their progenitor content was assayed (Table  l) . Isolation of bone marrow cells with high ALDH expres- For sion by DAAA enriched for hematopoietic progenitors capable of both in vitro and in vivo growth. The 5% of human bone marrow cells with highest dansyl fluorescence produced substantially more CFU-GM than the 5% of cells with lowest dansyl fluorescence ( P = .007, t test). Similarly, DAAA enriched for CFU-GM ( P = .03) and the more primitive CFU-S ( P = .01) from mouse bone marrow.
Cytosolic ALDH expression has been found to be a mechanism of resistance to cyclophosphamide in normal cells'.' and in leukemia.'.' We determined the relative sensitivity of the leukemia cell lines to 4HC by in vitro clonogenic assays. The sensitivity of the leukemia cell lines to 4HC (Fig 5) paralleled the levels of dansyl fluorescence in the cell lines after treatment with DAAA (Fig 2B) . The L1 210/CPA cell line was the most resistant to 4HC. followed in order by K562, HL60, Raji, REH, and L1210 cell lines. 
DISCUSSION
The accumulation of a fluorescent species in cells caused by the action of an intracellular enzyme was previously described by Rotman and Papermaster." Subsequently, flow cytometry was applied to this method and allowed the separation of cells by their intracellular enzyme activity.22 DAAA can diffuse freely across a cell membrane because it is uncharged. Dansyl glycine contains a carboxylate group that is charged at physiologic pH and, therefore, can neither enter nor exit cells. Cells containing cytosolic ALDH oxidize DAAA to produce dansyl glycine and, after washing to remove diffusible species, remain fluorescent by virtue of their dansyl glycine content. Furthermore, we have found that cells analyzed and isolated by DAAA and flow cytometry remain viable and proliferate normally both in vitro and in vivo.
Agreement between the levels of dansyl fluorescence in cells after treatment with DAAA and cytosolic ALDH levels determined using specific antibodies for the protein (by either immunoblot or flow cytometV5) validated the DAAA methodology. The DAAA assay for cytosolic ALDH was further confirmed by the correlation between dansyl fluorescence in the leukemic cell lines after DAAA treatment and the sensitivity of the cell lines to 4HC. Moreover, this correlation suggests that DAAA is a more sensitive means of assessing cytosolic ALDH levels than immunoblot; appar- 
